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Self-reciprocating radioisotope-powered cantilever
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A reciprocating cantilever utilizing emitted charges from a millicurie radioisotope thin film is
presented. The actuator realizes a direct collected-charge-to-motion conversion. The reciprocation is
obtained by self-timed contact between the cantilever and the radioisotope source. A static model
balancing the electrostatic and mechanical forces from an equivalent circuit leads to an analytical
solution useful for device characterization. Measured reciprocating periods agree with predicted
values from the analytical model. A scaling analysis shows that microscale arrays of such cantilevers
provide an integrated sensor and actuator platform.2@®2 American Institute of Physics.
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I. INTRODUCTION an incident optical, radio-frequency, or ultrasonic beam
which could be useful for sensing physical or chemical vari-
Use of radioisotopes to realize nuclear batteries has beegbles that affect the self-reciprocation times. For example,
extensively researchéd? One principle of operation is to the charge collection efficiency of the cantilever is affected
collect radiated charges across a capacitor. This is called diby the conductivity of the gas and the mechanical properties
rect conversion nuclear batténp direct collected-charge-to- of the cantilever, which can change with environmental vari-
motion conversion is demonstrated in this article. ables such as the presence of high-molecular weight organic
The central idea in this article is to collect the chargedcompoundgchem-bio warfare agents, or drastic temperature
particles emitted from the radioisotope by a cantilever. By(for detecting heat sourcgsr inertial loading on the device
charge conservation, the radioisotope thin film will have op-(for sensing vibration It provides a scalable self-powered
posite charges left as it radiates electrons into the cantileveplatform for not only sensing, but also providing an actuator
Thus an electrostatic force will be generated between th& modulate information. The device will be operational on
cantilever and the radioisotope thin film. The resulting forcethe same time scale as the half life of the radioisotope, which
attracts the cantilever toward the source. With a suitable inican be several decades enabling applications such as embed-
tial distance the cantilever eventually reaches the radioiscded sensing in civil or military structures over the useful life
tope and the charges are neutralized via charge transfer. Abf the structures. Furthermore, the temperature insensitivity
though the exact mechanisms of charge transfer can bef the radiation might enable high and low temperature op-
tunneling or direct contact, the time scale of the charge transeration, which is not possible with chemical batteries in
fer is much shorter than the reciprocation cycle, allowing thewhich reactions are controlled by temperature.
details to be ignored for cantilever performance analysis. A
the electrostatic force is nulled, the spring force on the can?—l' ELECTROMECHANICAL MODEL
tilever retracts it back to the original position and it begins to ~ Figure 1 shows the equivalent circuit of the self-
collect charges for the next cycle. Hence, the cantilever actéciprocating cantilever. The radioisotope source is modeled
as acharge integrato[a"owing energy to be stored and con- as a current source. The cantilever/source gap is modeled as
verted into both mechanical and electrical forms. Based of time varying capacitor. The parasitic resistor is included to
this idea, a prototype cantilever device has been made andmodel possible leakage paths for the collected charge. Sev-
satisfactory analytical model is developed. eral physical mechanisms may contribute to this resistance.
The self-reciprocating cantilever could be used as a selfBoth naturally occurring ions, and ions created by electronic
powered electromechanical actuator. As a mechanical actu&ollisions between emitted particles and gas molecules, will
tor, the released cantilever could impact a mass for locomaoconstitute a leakage current. Furthermore, secondary elec-
tion, or conversion of the mechanical energy back intofrons emitted from the cantilever due to high energy
e|ectricity using the mass motion inside an e|ectromagne@lectron'substrate C0||iSi0nS may Contribute to the Ieakage

The cantilever could also periodically deflect and modulatecurrent with a polarity opposite to the emitted current.
Charge conservation results in
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Radioisotope -~ i m(do_d)d_ \/:kA do—d. (6)
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FIG. 1. Equivalent circuit of the self-reciprocating cantilever. The distance__ . . . .
between the cantilever and the radioisotope is exaggerated. The emittetNiS equation can be readily solved numerically to compare
charges can be modeled as a current source. The reRiseresents leak-  with experimental results. At atmospheric pressure, the col-

age path. The cantilever and the radioisotope form the capaCitdthe lected charges can easily be neutralized by ionized and po-
cantilever eventually touches the bottom electrode neutralizing the storeF ized ai | | Thi ill reduce t I |
charges. arized air molecules. This will redude to a small value,
resulting in negligiblegd/ot as observed in experiments
done in room air. To obtain largR®, vacuum operation is
required. Under the experimental conditions where the pres-
wherel is the total emitted current from the radioisotope, sure is between 25 and 60 mToR was found to be on the

is the area of the capacitd® is the equivalent resistanc¥,  order of 13— 10" Q. This result allows the elimination of
is the voltage across the source and the cantilavisrthe  the second term in Ed6) and it becomes

time, d is the distance between the electrodes, ang an

empirical coefficient describing the portion of the total emit- ad B 2al Ja—d
ted current that gets collected by the cantilever. The firstterm 5t ~— JeokA do—d, @)

is the emitted current; the second is the leakage current and

the third is the displacement current. There are at least threghich can be solved to yield

reasons for imperfect charge collectiore., «<1). First, the 5

charged particles emitted from the source have an angular d=—(altyeckA+ B)"+dy, ®)

distribution and only the particles that fall in the solid anglewhereﬁ is a constant of integration. Including in the so-
formed by the intersection of the source and cantilever ar§,tion implies that at=0, the cantilever may not be at its

collected. Second, some high energy particles can travgjiiginal position, which models residual charges or plastic
through the cantilever. Third, when secondary electrons argiain on the cantilever. At=0 Eq.(8) leads to

emitted from the cantilever, positive charges are left in the

cantilever, reducing the net negative charges. do—d=p2. (9)
The third term in Eq(1) is the displacement current of

the capacitor. The electrical fielfl between the source and

the cantilever has been approximated as uniform, Ee.,

=V/d, because the angle of approach between the cantilever Qo

and the source is small allowing the approximation that an &= SA”

average gapl exists between the cantilever and the source. 0
Assuming that the cantilever moves very slowly, an as-Combining Eqs(2), (9), and(10)

sumption which is verified by experiment, one can ignore the

cantilever’s inertia. In this quasistatic approximation, the Qo= BVeokA. 11

electrostatic attraction force acting on the cantilever is eXTherefore 3 can be used to calculate the amount of the re-
actly balanced by the spring force of the cantilever. This car;y, 5 charges on the cantilever, assuming little plastic strain
be written as on the cantilever. This model can also be used to find the
k(dy—d)=QE, 2) per?od of the movement. Let=0 in Eq.(8), the time is the
period

Denoting the residual charges @g, with uniform electric
field assumption, it results in

(10

wherek is the spring constantly is the initial distanced is
the distance between the cantilever and the radioisofji, T=(\do— B) VeokAlal. (12

the total charges on the cantilever afiis the electric field. i . .
Assuming a uniform electric field, the capacitor can be mod!n the above discussion we have not taken into account the

eled as a parallel plate capaci®rand the charge on it is decay of the radioisotope. Assuming that the cantilever has
been working fom cycles and the total time is,, for cycle

goAV n . o
Q=Cv= od . 3) n+1 Eq.(7) needs to be modified as
ad 2al 067 Yt~
Combining Eqgs(2), (3) and with the uniform electric field ra ? Vvdo—d, (13
approximation £okA
V2 wherel is current from the radioisotope at the very begin-
k(dg—d) =80AEZ (4 ning andy is the decay constant where at tithe activity
of the radioisotope becomes ' of the original activity.
It can be rewritten as This equation results in
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2
+dg. (149
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The cycle time of cyclen+1 is

1 n<1— ” \/d—o—ﬁ)\/SOKA)

al 067 vIn

(19

If the long term operation has to be considered, then EqsiIG. 2. A copper cantilever (5cm5 mmx60um) is placed at a con-

(14) and (15) can be used; otherwise qu) is sufficiently trolled distance away from a 1 m&Ni(4 mmx 4 mm) electroplated on a
. 1-mme-thick aluminum plate.

accurate for short term analysis.

The voltage across the cantilever and the radioisotope
can be determined by E). It is interesting to notice that
Many variables are important to gauge the usefulness dhe voltage has a maximum,= \4kdy/27s,A and it ap-
the cantilever. For actuator applications the force generategears wherd(t)=dy_=3do.
by the actuator is important. The force generated by the can-
tilever is simply the spring force, which can be calculated as
k(dp—d). The maximum force appears when the cantilevery, proTOTYPE DEVICE

is released and this gives
A prototype device has been made to verify the cantile-
Fmax=Kdo- (16) ver operation and the model. Figure 2 shows the experimen-
Hence, the cantilever is able to convert nuclear energy téal setup. A source made of*Ni is used as the radioiso-
electrical and mechanical energy. The energy stored in thtéope. The half life of*Ni is 100.2 years. The g particles
cantilever per cycle is composed of two parts. One is melelectron$ emitted have an average energy 17.3 KeV and

Ill. CHARACTERISTICS

chanical energy maximum energy 67 Ke¥.The 5Ni is electroplated as a
4 mmx4 mm thin film on a 1-mm-thick Al plate and the
EMZEk(do—d)z. 17) activity is 1 mCi. The cantilever is made of copper with

2 dimensions 5 cra 4 mmXx 60 um. The thickness 6@m was

chosen to capture most of the electrons as the penetration
depgh of a 67 KeV electron in copper is approximately 14
1 m.
Eg=5CV2 (18) The cantilever is clamped between two nonconductive
Teflon blocks for electrical insulation. The source is clamped
SubstituteC=e,A/d and Eq.(5) into the equation above  py two glass slides, which are mounted on a Teflon base. The
1 Teflon base is in turn mounted on a linear motion stage used
EEZE(dO_d)d- (199  to control the initial distance between the source and the
cantilever. The setup is placed inside a vacuum chamber with
The mechanical energy reaches its maximuby ., & 91ass top. A microscope connected to a charge coupled
zl/Z(dg whend becomes zero, i.e., when the cantilever isdeVice (CCD) camera outside the chamber is used to the
released. The electrical energy has its maximém,,, Monitor the gap between the source and the cantilever.
=1/8d3 when d=1/2d,, which is found by taking
JEg/ad=0. An electromechanical coefficient can be de-
fined as the ratio of the maximum mechanical energy to elec- 35
trical energy. Using Eqg.17) and (18), this coefficient can
be shown to be equal to 4. Hence,

7= Ep max/ Eg max= 4- (20

The total energy emitted by the radioisotope in one cycle can
be calculated as

Ei=AE.T, (21

The other is electrical energy

+ Experimental data
— Calculated values

301

Distance (um)
- — n N
e 9 9o 9

[4)]

where A; is the activity, E, is the average energy of the
emitted electrons and is the period. Since at the end of the . .
cycle the electrical energy becomes zero as from (E£6), 0 1 2 3 4 5 6
the energy output is the maximum mechanical energy. There- Time (minute)

fore, the energy efficiency of the device for one cycle can be: g, 3. Measured and calculated distance vs time curves for the experimen-
calculated afy, maX/Etdetz)IZEt . tal cantilever actuated by tHéNi source. The initial gap is 3zm.
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FIG. 4. Measured and calculated periods for the self-

with different initial gaps.

V. EXPERIMENTAL RESULTS

Time (minute)

FIG. 6. The calculated voltage across the experimental cantilever and the

reciprocating CantlleVerradioisotope is plotted against time with an initial gap of @2.

time the spring force of the cantilever reaches the maximum

and it is 10.1uV. The maximum voltage is 1.1 V. The total
The experiment results verify our idea. Figure 3 showsenergy from the radioisotope during this cycle is 3.8
the distance versus time for an initial distance ofi3@ with X 10% nJ. So the efficiency of the cantilever isx40 .
a period of 6 min and 8 s. In one of the experiments, thealthough the efficiency of the cantilever is very low, it can
cantilever has been reciprocating continuously for fourgperate for at least as long as the hallf life of the radioisotope,
weeks, the experiment stopped by the need to use the expejihich for Ni is 100 yrs. Assuming the operational lifetime
mental setup for other experiments. The distance versus timgf the prototype cantilever is 100 yrs., the total energy output

data were used to extraet and 8. Parameterk,A,l were  would be 0.91 mJ. This leads to a volume energy density of
determined from the properties of the materials and the des.0x 102 J/cn®.

vice dimensions. The distance profile predicted by the model
has a good fit with the data.
Figure 4 shows the measured period as a function of thdf'- DISCUSSION
initial gap along with the calculated results for fixadndg. The radioisotope thin film is the source of the current
The small value ofB corresponds to approximately 2.3 which is important for determining the reciprocation period,
%10 ! C charges. Althoughr and 8 are different for each  as shown by Eqg12) and(15). Given the tremendous num-
initial distance, the good fit between measured periods anfer of radioisotopes available, the properties that make one
theory for fixede and 8 shows the relative invariance in the better than another need to be investigated. In general, radio-
gap regime of 1-15m. The values ofx and 8 and their  isotopes emit alpha, beta particles and gamma rays. To avoid
variations can be further used to investigate the contact prgpossible radioactive hazard with high energy alpha particles
cess. and deep penetrating gamma rays, we concentrate on radio-
The energies stored in the cantilever and the voltagésotopes that only emit low energy beta particles. Table |
across the cantilever and the source are plotted in Figs. 5 arghows some candidate beta emitters with their half life and
6, respectively. The maximum mechanical energy is 0.15 ndpecific activity> The half life determines the useful length
and maximum electrical energy is 37.5 pJ. The average mesf time over which the described self-reciprocating actuator
chanical power can be calculated by dividing the total energill work. Short lifetime sources are probably not important
by the reciprocation period yielding 0.4 pW. At the sameas chemical batteriege.g., lithium or other primary cells
could effectively compete except for applications requiring
high-temperature operation. However, long lifetime sources
provide functionality over a period which is likely to be
much larger than the shelf life of chemical batteries. Another
) parameter to qualify the source is the specific activity, which
01 ) indicates the amount of mass needed to achieve a given ac-
tivity. The smaller the specific activity, the larger the possible
activity for a fixed mass. A related measure is the activity
volume density listed as the last column in Table I. Since
deposition of source thin films will normally be in microns
,,,,,,, . .~ of dimensions, we can use the activity volume density to
e N quickly estimate possible maximum activity. From the table,
- 6 2P has the highest volume density, however the short half
lifetime makes®P less attractive. Another figure of merit is
FIG. 5. Energies stored in the cantilever are plotted against time with afN€ Penetration depth of the electrons into the cantilever ma-
initial gap of 32.um for the experimental cantilever. terial, which is tabulated as the last column in Table I. The

—— Total energy
0.15) 7 Mechanical energy
- = - Electrical energy

gy (nJ)

Ener

0.05

.
..
~

2 4
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TABLE |. Candidate beta emitting radioisotopes. The first three columns are obtained from Ref. 5, while the
activity volume density is derived from the specific activity. The last column is the estimated range of electron
penetration in coppefsee Ref. &

Radioisotope Average energyHalf life  Specific activity Activity Estimated range
(KeV) (Yean (g/mCi) Volume density(mCi/um®  in copper(um)
63N 17.4 100.2 1.7610°° 5.06x10°7 14
825 68.8 172.1 1.5410°° 1.51x 1077 107
905y 195.8 28.8 7.2810°° 3.50x10°7 332
106Ru 10.03 1.06 3.0810°° 4.08<107° 5
2p 694.9 0.04 3.5810°° 5.20<10°* 1344

range was calculated by using the continuously slowingassumption has been used before, where the source has the
down approximation range data from Ref. 6. For optimumsame width as the cantilever, the current from the source can
charge capture, one would like to choose a material with de written as

small absorption depth or isotopes with low electron energy. . .

According to the table, nickel and ruthenium are good can- I=IA=1wl,, (23

didates for thin cantilevers. In this article we concentrated ofwherei is the current per unit area from the sourseis the

®Ni as it is easily electroplated and is commonly used inwidth, L, is the length of the source amdis the same as in

MEMS fabrication. Eq. (12). Substituting Eqs(22) and (23) into Eq. (12) and
Figure 7 shows the calculated reciprocation periods foheglectingB, which can be made small, one gets:

the same cantilever used in the experiments with different

radioisotopes. The activity of the source is 1% of the maxi- 1= VeoEdoh®/41°L /ai. (24)

mum possible activity calculated from the specific activity so

by comparablg to theNi source used in the_ expern- (E) and the radioisotopé) are determined, the design of the
ment. One observation from the plot is that by using a Suittatijever will focus on choosing the thickness and width of
ablg radicisotope a shorter or longer _penod O_f time can behe cantilever and the length of the source so that for a given
achieved. On the other hand, for a given radioisotope, ONfhitial distance a desired period is obtained. A MEMS ver-

can calculate the reciprocation period change Wlth time. Thigjon of the cantilever is feasible according to this argument.
curve can be used to estimate the useful lifetime of the deFor example, a Si cantilever with dimensions 500

vices. o _ _ _ X 100 wmx 2 wm can finish one cycle in about 8 min with a
Device scaling is another important consideration. EquaZOO,umX 100zm 3Ni source for an initial distance of 2

tion (12) exposes the possibility of scaling down the size ome_ This is assuming the same unit area activiey06

the device. Assuming that_the electrostat_ic force is applied %Ci/mmz) used in the experiment in this article. One issue is
the very end of the cantilever, the spring constant of ey, 5, m_thick silicon is not thick enough to capture most
cantilever can be calculated as of the electrons. A solution to it is to electroplate a metal

k=Ewhi/dI3, 22) layer at the tip of the cantilever that is thick enough for

electron capture. The added mass should not affect the spring
whereh is the thickness of the cantilevam,is the width,l is ~ constant much since the metal layer is placed at a location of
the length and is the Young’s modulus. As the parallel plate low strain. If the per unit area activity is increased by a factor
of 10, which is possible given the higher specific activity,
and the spring constant is decreased by reducing polysilicon
thickness or increasing length, one should get much shorter
reciprocation. For example, a beanufn thick, 1 mm length
and 100um width, using a source with a unit area activity of
1500 ] 0.6 mCi/mnf and 200umx 100um size, and assuming a
better charge collection efficiency of 50%x € 0.5), one
si should obtain a reciprocation period of 1.1 s. Even though
] the total mechanical energy is only 19 fJ, it is important to
MW remember that the same energy would be required to move
: this cantilever by any other means.

To increase mechanical energy one would need to in-

1050, crease the effective integrating time of the charge collection
10° 10° by increasing the initial gap,. Hence a trade-off between

Time (year) reciprocating time and stored energy exists, and the applica-

FIG. 7. Reciprocation period vs time for some beta emitting raldioisotopesf[Ion will determine the choices. For example, in optical beam

As the radioisotope decays, the period changes. The period@farare in ~ modulation _applicz_ition_s, energy reqUire(_j is very _Sma” and
the range of 4.8-9.6 s placing the curve close to the bottom axis. smaller reciprocation times will be possible for high band-

Therefore, once the Young’s modulus of the beam material
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width modulation. However, for applications requiring con- eration. Furthermore, the temperature insensitivity of the ra-

version of mechanical to electrical energy, higher energieslioisotope charge particle emission might enable extreme

are required at the cost of longer reciprocation times. high or low temperature operation, not possible with chemi-
cal batteries.

VIl. CONCLUSION
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